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The amino acid-trinucleotide r lationships of the genetic 
code have long prompted interest in finding a historical 
rationale for why particular nucleotide triplets correspond 
to specific amino acids. Efforts to find stereochemical com- 
plementarity between a particular amino acid side chain 
and a specific triplet have been largely unsuccessful, as 
have been attempts to demonstrate specific amino acid- 
trinucleotide complexes in solution. Because the connec- 
tion between specific amino acids and trinucleotides is 
made through the aminoacylation oftransfer RNAs (tRNAs), 
the catalysts of aminoacylations and their interactions with 
tRNAs have been intensively studied (Gieg~ et al., 1993; 
Saks et al., 1994; Martinis and Schimmel, 1995; McClain, 
1995). These investigations already have shown that some 
aminoacyl-tRNA synthetase catalysts do not interact with 
the anticodon trinucleotide, establishing that for these ex- 
amples the relationship between a specific trinucleotide and 
a specific amino acid is indirect. More typically, anticodon- 
synthetase interactions occur and contribute significantly 
to aminoacylation efficiency and specificity (Schulman, 
1991; Saks et al., 1994). However, specific aminoacyl- 
ations still take place when anticodons are deleted from 
tRNA structures (Frugier et al., 1994; Martinis and Schim- 
mel, 1995). Collectively, these observations have estab- 
lished that nonanticodon-containing RNA sequence and 
structure per se contain information that is interpreted as 
an amino acid. 
Since the discovery of.RNA catalysis, tRNAs have in- 
creasingly been viewed as molecules that need to be un- 
derstood in terms of how the theater of proteins emerged 
from an early RNA world. Based on recent experimental 
observations, RNA-catalyzed aminoacylation oftRNA-like 
molecules is plausible (lllangasekare t al., 1995). Be- 
cause the aminoacyl ester linkage is higher in energy than 
the amide bond, two or more aminoacyI-RNAs could in 
principle congregate to yield peptides spontaneously. 
Whether early peptides led directly to aminoacyl-tRNA 
synthetases is not known, but many believe that these 
are ancient enzymes that were among the first proteins 
to emerge from the RNA world. This realization has added 
motivation to understanding the design and evolution of 
tRNA synthetases and the mechanisms by which they in- 
terpret RNA sequences and structures in terms of specific 
amino acids. 
tRNA Structure Can Be Viewed as Two Domains 
with Distinct Functions 
Although tRNAs vary in size from 75 to 93 nucleotides, 
they typically are comprised of 76 nucleotides that can be 
arranged as a cloverleaf structure with self-complemen- 
tary bases making four distinct helical segments and three 
loops. The 3' ends of all tRNAs end in the single-stranded 
sequence N73CCAo., where N73 is any of the four nucleo- 
tides and the free 2'- and 3'-hydroxyl groups on the terminal 
adenosine contain the amino acid attachment site. The 
parts of the cloverleaf structure are the acceptor stem, the 
dihydrouridine (D) stem-loop, the anticodon stem-loop, 
and the T~C stem-loop. This structure is folded in three 
dimensions into an L-shaped molecule that consists of 
two domains (Figure 1). One domain is formed by coaxial 
stacking of the T~'C stem onto the acceptor helix, while 
the other results from stacking the anticodon stem onto 
the D stem. In this structure, the trinucfeotide anticodon 
of the genetic code and the amino acid attachment site 
are segregated between the different domains, where they 
are 76/~ apart. 
These two structural domains are also distinct functional 
units. The anticodon-containing domain serves as a read- 
ing head that interacts with the mRNA template. The ac- 
ceptor-T~C minihelix that terminates in the NCCA 
tetranucleotide is a substrate for sequence-specific amino- 
acylation with many different amino acids. Aminoacylation 
specificity and efficiency generally depend on the nature 
of the N 73 "discriminator" base and on one or two base 
pairs among the first four in the acceptor stem. Thus, the 
sequences and structures of tRNA acceptor stems can be 
thought of as an operational "RNA code" that is devoid of 
the anticodon trinucleotides of the genetic code (Schim- 
mel et al., 1993; Frugier et al., 1994). 
Two Domains of tRNAs Interact with Separate 
Domains of tRNA Synthetases 
All tRNA synthetases catalyze the same basic reaction: 
activation of an amino acid by reaction with ATP to form 
a bound aminoacyl adenylate and reaction of the bound 
adenylate with the cognate tRNA to form am'inoacyl-tRNA. 
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Figure 1. Schematic Illustration of the tRNA Cloverleaf Viewed as a 
Composite of Two Domains 
The tRNA cloverleaf isshown in the center, the composite to the left. 
Colors are used to show to show locations of specific elements of the 
cloverleaf in the three-dimensional structure (right). The two major 
domains are joined at approximately right angles in the three- 
dimensional structure. T, T~'C. 
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In spite of the reaction common to these enzymes, they 
have long been known to be diverse in their subunit chain 
lengths (from 334 to 951 amino acids in Escherichia coli) 
and quaternary structures (a, a2, a2132, and a4). In early 
work, sequence relationships among the enzymes were 
difficult o discern, in part because of the difficulty of mak- 
ing alignments with polypeptides having such diverse 
sizes and in part because large regions of sequence are 
idiosyncratic to each synthetase. 
Synthetases throughout evolution are now known to be 
organized into two classes according to sequences and 
structures in their respective catalytic domains. The com- 
mon structural feature of class I enzymes is a nucleotide- 
binding fold consisting of alternating a helices and 13 strands 
in the respective N-terminal domains. 
The ten class I enzymes include argininyl-, cysteinyl-, 
glutaminyl-, glutamyl-, leucyl-, isoleucyl-, methionyl-, tryp- 
tophanyl-, tyrosyl-, and valyl-tRNA synthetases. X-ray 
structures have been published for five of the class I en- 
zymes (those for glutamine, glutamate, methionine, trypto- 
phan, and tyrosine; for references ee Doublie et al., 1995; 
Nureki et al., 1995). Structural analysis, modeling, and 
sequence comparisons howed that some of these class I 
enzymes are even more closely related and form separate 
subgroups. For example, tryptophanyl- and tyrosyl-tRNA 
synthetases, glutaminyl- and glutamyl-tRNA synthetases, 
and cysteinyl-, leucyl-, isoleucyl-, methionyl-, and valyl- 
tRNA synthetases form three separate groupings. 
. The remaining ten enzymes are not related in any dis- 
cernible way to the class I tRNA synthetases but can be 
linked together by virtue of sharing three highly degener- 
ate sequence elements, designated as motifs 1,2, and 3, 
that occur in sequential order in the primary structure (Eri- 
ani et al., 1990). The three motifs themselves are grouped 
together in either the N- or C-terminal halves of the pro- 
teins, and the lengths of sequences inserted between the 
individual motifs are variable. The ten synthetases that 
share these features are designated as class II enzymes 
and are alanyl-, asparaginyl-, aspartyl-, glycyl-, histidyl-, 
lysyl-, phenylalanyl-, prolyl-, seryl-, and threonyl-tRNA syn- 
thetases. Structural analysis of two aspartyl- and two seryl- 
tRNA synthetases (Biou et al., 1994; Delarue et al., 1994) 
and of E. coli lysyl-tRNA synthetase (Onesti et al., 1995) 
showed that the three motifs are part of a seven-stranded 13 
structure that has three a helices. The three class-defining 
motifs form critical segments of the active site structure 
and consist of a helix-loop-strand (motif 1), strand-loop- 
strand (motif 2), and stand-helix (motif 3). Further analysis 
has shown that these enzymes also can be grouped further 
according to those that are mostly closely related. 
The classification is based on the sequences and struc- 
tures of the active site domains, which are believed to 
represent he historical enzymes comprising typically half 
or fewer of the structures of contemporary tRNA synthe- 
tases. However, all tRNA synthetases have a second ma- 
jor domain that can be unique to the enzyme even within 
the same class. These two domains segregate interac- 
tions with the two major domains of the tRNA molecule 
(Figure 2). One set of interactions is through the class- 
defining synthetase domain that itself varies in size from 
enzyme to enzyme owing to insertions and additions that 
are idiosyncratic to the protein. These idiosyncratic se- 
quences enable the enzymes to interact with the acceptor- 
"I'~'C minihelices of bound tRNAs. The second major syn- 
thetase domain interacts with parts of the tRNA outside 
of the acceptor-T~C minihelix, such as the anticodon- 
containing second domain of the tRNA molecule. This do- 
main, like the insertions and additions to the active site 
domain, is not conserved even among enzymes of the 
same class. 
Acceptor Helices Interact with Sequences Joined 
to Class.Defining Domains 
In addition to the characteristic structures that determine 
whether an enzyme belongs to class I or II, synthetases 
in the two classes are distinguished by their mode of inter- 
action with the end of the acceptor helix. Long before the 
discovery of the two classes, investigators noted that some 
enzymes initially attach their amino acid to the 2'-hydroxyl 
while others use the 3'-OH. The reason for this distinction 
seemed obscure because, once attached, the amino acyl 
group migrates rapidly between 2' and 3' positions. As 
it turns out, all ten class I enzymes catalyze amino acid 
attachment o the 2'-hydroxyl, while nine of the class II 
enzymes use the 3'-OH. (The exception is phenylalanyl- 
tRNA synthetase.) Recent structural analysis of a class I 
and of a class II synthetase-tRNA complex shows that 
these distinctions are inherent o the unique way that en- 
zymes in a particular class approach the end of the ac- 
ceptor helix. 
For example, the class I E. coli glutaminyl-tRNA synthe- 
tase interacts with the G73 discriminator base and with 
the minor groove side of the first three base pairs (U1- 
Additions 
oo~ ~ Class-Defining D0m,ain 
Figure 2. Model for the Assembly of a Synthetase-tRNA Complex in 
Two Evolutionary Steps That Link the Operational RNA Code to the 
Trinucleotides ofthe Genetic Code 
The class-defining catalytic domain is primarily concerned with amino 
acid activation (left). Recruitment of idiosyncratic sequences (dark 
green) into this domain enables the class-defining domain to interact 
with RNA molecules, such as a minihelix (light green). The addition 
of a second domain (red) to the class-defining domain of the synthetase 
and of the anticodon-containing template-reading head (red) to the 
minihelix results in a contemporary s nthetase-tRNA complex (right). 
The idiosyncratic second domain of the synthetase interacts with parts 
of the tRNA structure outside of the minihelix domain such as the 
anticodon or the large variable loop found i  serine tRNAs. The size 
of the second domain varies considerably and may or may not extend 
to the anticodon, as indicated by the broken line. 
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A72, G2-C71, and G3-C70) of the acceptor helix (Rould 
et al., 1989). In contrast, the class II aspartyl-tRNA synthe- 
tase interacts with the major groove side of the end of the 
acceptor helix of bound tRNA Asp (Cavarelli et al., 1993). 
These distinct modes of binding to the end of the acceptor 
helix place the 2'-OH or 3'-OH of the terminal adenosine 
(A76) in a position to react with the bound aminoacyI-AMP 
of a class I or class II synthetase, respectively. 
A unifying feature of the synt hetase-acceptor helix inter- 
actions of both classes is that sequences for these interac- 
tions are intimately linked to the class-defining domain, 
typically as insertions at defined locations within the active 
site structure (Figure 2). An insertion known as connective 
polypeptide 1 (CP1) had been identified as a part of all 
class I enzymes (Starzyk et al., 1987). This insertion splits 
the alternating ~-~-13 nucleotide-binding fold into two 
1~3~2 halves. This insertion varies greatly in size (from as 
few as 60 to more than 300 amino acids) among class I 
enzymes and accounts in part for the size variations within 
this group. The structure of the glutaminyl-tRNA synthe- 
tase-tRNA 6~n complex shows that CP1 is an acceptor he- 
lix-binding domain, providing for many of the aforemen- 
tioned contacts with the end of the tRNA a~n acceptor helix 
(Rould et al., 1989). This insertion is idiosyncratic to the 
class I synthetase but appears to be conserved in evolution 
for any given class I enzyme. 
In the alignment of sequences of class II enzymes, inser- 
tions of various sizes are found between motifs 1 and 2, 
between motifs 2 and 3, and within the loop of the strand- 
loop-strand of motif 2. Like CP1 in class I enzymes, these 
insertions are idiosyncratic to the class II synthetase. In 
the class II aspartyl-tRNA synthetase-tRNA ~p complex, 
residues in these insertions provide for acceptor helix in- 
teractions with the major groove side of the helix (Cavarelli 
et al., 1993). While acceptor helix interactions have not 
been resolved in the crystal structure of the seryl-tRNA 
synthetase-tRNA ser complex, they are also believed to oc- 
cur on the major groove side (Biou et al., 1994). In contrast, 
in addition to major groove interactions, functional analy- 
sis of substituted RNA minihelix substrates showed that 
a critical interaction with the G3-U70 base pair of tRNA A~e 
occurs on the minor groove side of the helix (Musier- 
Forsyth and Schimmel, 1992). A short 76 amino acid pep- 
tide element appended to the C-terminal side of the class- 
defining domain is needed for these contacts and is 
another example of the idiosyncratic sequences that have 
been recruited for acceptor helix recognition. 
A Separate Domain for Interactions outside 
the Acceptor Helix 
In the class I enzymes, a C-terminal domain provides for 
contacts with nucleotides outside of the acceptor stem, 
such as the anticodon trinucleotide. Although there are 
structural features in these domains believed to be shared 
by some of the most closely related class I enzymes (such 
as methionyl- and isoleucyl-tRNA synthetases), in general 
this domain is not common to all class I enzymes. In glu- 
taminyl-tRNA synthetase, two I~-barrel domains bind the 
anticodon stem and loop, whose conformation differs ex- 
tensively from that of unbound tRNA G~°. The three antico- 
don bases are splayed out and bind to separate pockets 
in the I~-barrel domains (Rould et al., 1991). In contrast, 
specific residues in the predominantly a-helical C-terminal 
domain of E. coil methionyl-tRNA synthetase are responsi- 
ble for contacts with the anticodon trinucleotide of tRNA Met 
(Meinnel et al., 1991; Schulman, 1991; Auld and Schim- 
mel, 1995). 
In the class II aspartyl- and seryl-tRNA synthetases, the 
class-defining active site domain is not in the N- but in the 
C-terminal half of the respective protein. The N-terminal 
domain provides for interactions with parts of the tRNA 
outside of the acceptor helix. In the case of aspartyl-tRNA 
synthetase, a five-stranded 13 barrel with an cz helix be- 
tween two of the strands provides a structure to interact 
with anticodon bases that are splayed out as part of a 
conformational change that further demonstrates the flexi- 
bility of the anticodon stem-loop region (Cavarelli et al., 
1993). In the class II seryl-tRNA synthetase-tRNA ser com- 
plex, no contacts with the anticodon are evident. Instead, 
an N-terminal m-helical coiled-coil of approximately 100 
amino acids provides interactions with the long variable 
loop that is characteristic of most serine tRNAs (Biou et 
al., 1994). Like other RNA-binding elements in tRNA syn- 
thetases, this one appears to be peculiar to seryl-tRNA 
synthetases. 
Thus, the RNA binding sequences in class I and class 
II tRNA synthetases are almost always unique and do not 
include the well-characterized RNP1 and RNP2 motifs 
found in proteins that interact with mRNAs, small nuclear 
RNAs, ribosomal RNA precursors, and so on (Burd and 
Dreyfuss, 1994). Possibly these critical enzymes acquired 
unique RNA-binding elements so as to lessen the likeli- 
hood of cross-interactions with RNAs other than tRNAs. 
These idiosyncratic RNA binding sequences perhaps also 
allowed the 20 enzymes to differentiate tRNAs better, 
within the constraints of being limited to either a class I 
or class II active site framework. 
From Minihelix to Genetic Code 
tRNAs can now be thought ef as comprised of two informa- 
tional domains: the acceptor-'l'~C minihelix encoding the 
operational RNA code for amino acids and the anticodon- 
containing domain with the trinucleotides of the genetic 
code. Evidence for the minihelix as an independent func- 
tional unit has grown steadily. A preminihelix is recognized 
and processed in vitro by E. coil RNase P (McClain et al., 
1987). In addition to containing information sufficient for 
specific aminoacylations, the charged acceptor-'l'~C mini- 
helix domain behaves like a charged tRNA in its interac- 
tion with the G protein family member elongation factor 
Tu. After aminoacylation, the Tu-GTP complex specifi- 
cally binds charged tRNAs to bring them to the ribosome. 
Charged tRNAs are not bound by Tu-GDP so that hydroly- 
sis of GTP to GDP results in release of the charged tRNAs. 
Similarly, the Tu-GTP complex, but not the Tu-GDP com- 
plex, specifically binds the charged minihelix with high 
affinity (Rudinger et al., 1994~i. It is also noteworthy that 
RNA fine structure information for distinguishing elongator 
from initiator tRNAs in E. coil is located at the end of the 
acceptor helix (Puglisi et al., 1994). 
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Weiner and Maizels (1993) have argued that the ac- 
ceptor-T~C minihelix-like domain ending in the CCA tri- 
nucleotide is an ancient tag of RNA. This structural unit 
serves as a signal for replication of some RNA genomes, 
and it is this part of the tRNA structure that is used as a 
primer by contemporary reverse transcriptases. Recent 
experiments by Wang and Lambowitz (1993) on the re- 
verse transcriptase of the Neurospora mitochondrial Mau- 
riceville retroplasmid added more support for a historical 
role of the minihelix-like structure in template-directed nu- 
cleic acid synthesis. Thus, the acceptor-T~C minihelix 
can be viewed as arising independently from the antico- 
don-containing domain and as perhaps preceding it in evo- 
lution. From an independent line of investigation, Noller 
(1993) has also argued that the two tRNA domains had 
separate origins. This argument was based on the obser- 
vation that interactions on the E. coli r ibosome with the 
anticodon stem-loop and acceptor-T~C minihelix do- 
mains are completely segregated between 16S and 23S 
rRNAs, respectively. 
These two informational domains of tRNAs are mirrored 
by discrete structural u nits in tRNA synthetases that segre- 
gate interactions with the individual informational helices. 
This organization of functional units is suggestive of a his- 
torical development of the genetic code in which amino- 
acylation systems were initially based on acceptor-T~C 
minihelix-like molecules that were charged by ribozymes 
and later by early tRNA synthetases. (It is striking that 
tRNA synthetase minor groove recognition of a 2-amino 
group of an essential G-U wobble base pair in the acceptor 
helix of alanine tRNAs [Musier-Forsyth and Schimmel, 
1992] is also seen in minor groove recognition by a ribo- 
zyme of a group I intron splice-site helix [Strobel and Cech, 
1995].) These historical tRNA synthetases were perhaps 
devoted to amino acid activation and subsequently ac- 
quired sequences that enabled them to dock the 3' ends 
of minihelix-like structures near activated amino acids 
(Figure 2). Thus, these small synthetases were primarily 
composed of the class-defining catalytic domains with a 
few insertions. 
When a template-reading head in the form of an antico- 
don-containing domain was joined to the acceptor mini- 
helix to yield a tRNA-like molecule, a domain was added 
to the early synthetase. This new domain further enhanced 
interactions of a synthetase with the fully assembled tRNA 
molecule. The interactions of the new domain with the 
anticodon trinucleotide became stronger in some cases, 
to the point that single base or amino acid swaps can 
switch tRNA synthetase anticodon recognition specificity 
(Schulman, 1991; Auld and Schimmel, 1995). In other in- 
stances, anticodon interactions failed to develop at all. By 
joining the information embedded in acceptor stems to 
specific anticodons, the minihelix aminoacylation systems 
were connected to what became the genetic code. Thus, 
while there is no obvious rationale for why a particular 
amino acid corresponds to a specific triplet in the language 
of the genetic code, it remains to be seen whether there 
is a rationale for why a particular acceptor stem (with its 
embedded operational RNA code) is linked to a particular 
anticodon or whether these associations are random. 
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